INTRODUCTION
Immunoglobulin (Ig) genes are assembled from germline variable (V), diversity (D) and joining (J) gene segments during early B-cell differentiation by a site-directed DNA rearrangement mechanism known as VDJ recombination. 1 Further recombination at the heavy chain (H) locus is prevented by a productive V H D H J H rearrangement which also triggers rearrangements at the light (L) chain loci, most often followed by . (6) fusion and inversion of D regions; and (7) somatic mutation. [4] [5] [6] [7] [8] A complete map of the human Ig V H D H J H loci has now been constructed on chromosome 14q32.2 in a telomeric-to-centromeric direction. 9, 10 The V H region contains 123 V H segments, of which 79 are pseudogenes and 44 have an open reading frame. 10 The V H genes are grouped into seven V H families based on their high sequence homology and not by their location on chromosome 14q32. V H 3 is the largest family followed by V H 4 and V H 1. 9 ,10 V H 6-1 is the most proximal to the D H J H loci. 9, 10 The D H region contains 27 D H segments, of which 25 have been shown to be involved in creation of human antibody.
11
Seven D H families are classified based on sequence homology. D H 7-27 is closest to the J H locus. 11 Six J H segments are functional. 12, 13 The rearranged heavy chain consists of the only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From three high variable regions, complementarity determining regions (CDR1, CDR2, and CDR3), flanked by less variable framework regions (FR1, 2, 3 and 4). 4 The CDRs, especially CDR3, are considered as the core portion responsible for antigen recognition. 4 The CDR3 sequence is unique to each rearrangement and therefore identifies individual B cells or clonal B-cell expansion. 4, 14, 15 The V H D H J H gene repertoires are restricted and developmentally regulated at early stages of differentiation. 3, 16 In the most immature B-cell precursors (pro-B cells), the IgH genes remain germline or there is only D H -J H joining. 2, 17 At the next stage, in early pre-B cells V H genes join to the joined D H -J H to complete the IgH rearrangement. 2, 18 Numerous studies in both murine and human, have shown stage-specific trends in usage of V, D and J genes, the degree of N nucleotide addition, and the rate of somatic mutation. 8, [16] [17] [18] [19] [20] In the murine system, a biased use of J H -proximal V H segments and a high frequency of absence of N sequences at DJ H joining were demonstrated at fetal stages of development. [19] [20] [21] In humans, a similar trend was found by a marked overrepresentation of some V H (V H 3, V H 5 and V H 6), D H (D H 7-27) and J H (J H 3 and J H 4) segments and by a short CDR3 length in fetal liver B cells and in immature B cells. [16] [17] [18] Previous studies have demonstrated a preferential usage of specific V H genes in B-cell malignancies. 15, 22, 23 [31] [32] [33] In one study, in frame and out of frame CDR3 joinings were observed in one-third and two thirds of the rearrangements in pre-B ALL similar to the frequency of occurrence in non-malignant early pre-B cells, 33 whereas another study found that in frame CDR3 rearrangement occurred in 78% in children and 64% in adults, similar to that observed in healthy B-cells (75%). 34 Most previous studies of V gene usage in B-ALL have been performed using databases with limitations for the newly identified germline genes and the completed gene map and in particular have focused on gene family usage rather than location on the chromosome. Statistical analysis
Descriptive statistics (percentages, medians and ranges) were used to describe VDJ gene utilization profiles. The Chi-square test was used to compare two categorical variables and for two by two tables we used the Fisher's exact test. 37 The Wilcoxon rank-sum and the Kruskal-Wallis tests were used to compare a continuous variable with a categorical variable with two or more categories, respectively. 38 The exact binomial distribution was used to assess differences between a specific observed percentage and an expected percentage. The Kaplan-Meier method and the log-rank test were used to estimate and compare time to relapse according to productivity of the rearrangements. 39, 40 All tests were two-sided except the exact binomial, which was one-sided.
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RESULTS
381 IgH sequences were identified at presentation from 317 children with B-lineage ALL enrolled in DFCI/ALL Consortium protocol 95-01. A high identity (>98%) to the human germline gene segments was found in 375 (98.4%) of the 381 sequences. We identified only six sequences (1.5%) with identity in a range of 86-96%. Of note four of these cases used V3-11, raising the possibility of polymorphisms at this locus.
V H gene usage.
The frequency of the usage of the specific V H segments is shown by their position on chromosome 14 in a telomeric-to-centromeric direction in Figure 1 . Of the 52 V H segments used, 9 were pseudogenes used by 24 sequences. In the D H J Hproximal V H segments, V H 6-1 segment was used in 35 of the 177 sequences, followed by Of the 381 IgH sequences, V H 3 family gene segments were identified in 192 clones (50%), followed by V H 1 (62, 16%), V H 4 (60, 16%), V H 6 (35, 9%), V H 2 (22, 6%) and V H 5 (10, 3%). V H 3 is the largest family in children with B-lineage ALL, with its usage occurring at frequency commensurate with its germline family size. 10 We observed a privileged usage of V H 6 (9%) in children with B-lineage ALL compared to PBL (0.8%, p=0.006 using the Chi-square test). Although murine data suggest that this gene segment is overused also in normal B cells in early life, 30 only.
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Biclonality and oligoclonality A single IgH sequence was identified in 256 cases from diagnostic tumor samples, whereas two sequences were found in 58 cases and three sequences were found in three children. However, it should be noted that the technical approach we use identifies only major clonal rearrangements and does not detect small subclones. In this study we observed no correlation between bi-or oligo-clonality and clinical features except chromosome 9 deletions and in particular noted no association with relapse ( (Table 3) .
Although any of these sequences identified at presentation could be used for MRD detection, no relapses have occurred in any of these nine children. Case 214 presented with two sequences that used the same V, D and J segment but introduced 12 nucleotides in V-D joining with one C nucleotide deletion indicating that an "open-and-shut" mechanism was involved in this case.
CDR3 (n-D H -n) 5'-J H Molecular mechanisms

VH1-69 gatcggcggTTGTACTAATGGTGTATGCT(DH2-8) AAC (JH5) VH3-52 gaggct----------------------(DH2-8) ---(JH5) VH-VH replacement 177 VH3-11 agagaccctgaacggTATTTTGACTGGTTATTA(DH3-9) TTT (JH4) VH4-39 cggatg------------------------------(DH3-9) ---(JH4) VH-VH replacement
Functional rearrangements in B cell childhood ALL.
Among the 381 sequences, 302 (79%) were joined in a potentially non-productive rearrangement including out-of-frame joinings or in-frame joinings containing a stop codon. Only 21% of the IgH rearrangements could potentially result in production of heavy chain protein and these cases demonstrated an association with privileged usage of V H segments with 36% of these sequences utilizing V H 4 (Table 4) . Association between V H family usage and potential productive rearrangements (p=0.002
by Chi-Square test and p=0.001 by Fisher exact test).
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In-frame rearrangements only were detected in 59 patients, out-of frame rearrangements only in 239 and in 19 patients both in-frame and out-of-frame rearrangements were detected in the same patient (Table 5) . We noted an association between the presence of more than one sequence and whether the rearrangements were in-frame or out of frame (Table 5) . Only 3% of patients with only in-frame rearrangements had more than one sequence detested, compared to 17% of the cases with only out-of-frame rearrangements (p=0.006
by Fisher exact test). A trend towards a higher probability of risk of relapse was observed in patients with only productive rearrangements (p=0.08 by the log-rank test), compared to children in whom at least one non-productive rearrangement was identified at presentation ( Figure 5 ).
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For The overall incidence of cases with more than one IgH sequence in the present study was 19%. Although this is lower than in some reported studies (30-60%) using PCR fingerprinting or cloning strategies that may be better suited to find minor subclone(s) 44, 58, 59 our findings are in keeping with previous studies using Southern Blot analysis. [60] [61] [62] Some studies have shown an association between oligoclonality at presentation and poor prognosis in ALL patients. 63 note, a trend towards a higher probability of risk of relapse was found in patients with only productive rearrangements compared to children in whom at least one nonproductive rearrangement was identified at presentation. The reason why potentially productive rearrangement would be relevant to clinical outcome is unclear. We did note an association between detection of more than one sequence and functional IgH For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From autoimmune disease and B-cell malignancies associated with autoimmune phenomena. 68, 69 The relevance of these findings to ALL is not clear, since ALL is not thought to be an antigen driven process, although it is possible that this may be important in the subset of cases with potentially productive Ig gene rearrangements.
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